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NASA'’s Phoenix Mars Lander began its journey to Mas from Cape Canaveral, Florida
in August 2007, but its journey to the launch pad bgan many years earlier in 1997 as
NASA’s Mars Surveyor Program 2001 Lander. In the mtervening years, the entry, descent
and landing (EDL) system architecture went througha series of changes, resulting in the
system flown to the surface of Mars on May 25th, . Some changes, such as entry
velocity and landing site elevation, were the resubf differences in mission design. Other
changes, including the removal of hypersonic guidae, the reformulation of the parachute
deployment algorithm, and the addition of the backkell avoidance maneuver, were driven
by constant efforts to augment system robustnessAn overview of the Phoenix EDL system
architecture is presented along with rationales dring these architectural changes.

Nomenclature

BAM = Backshell avoidance maneuver MCO = Mars Ctien@rbiter

CFD = Computational fluid dynamics MER = Mars BEogaltion Rover

DGB = Disk gap band MOLA = Mars Orbiter Laser Aléter

EDL = Entry, descent, and landing MPL = Mars Palander

EGSE = Electronic ground support equipment MSP =rs\&urveyor Program

HS = Heatshield RCS = Reaction control system
I. Introduction

On May 25", 2008 at 23:38 UTC, the Phoenix Mars Lander mhaditst successful powered landing on Mars
since the Viking landings three decades eatliéfhe eruption of cheers and applause in the corgmn
following the first indication of a successful ttutown were more than ten years in the making, lgabegun in
1997 during a different, faster, better, cheaper ar planetary space flight. Originally born as $#s Mars
Surveyor Program 2001 Lander, the spacecraft asdioni lived through the assembly and test phasehbo was
canceled following the successive losses of itsicoapacecraft the Mars Climate Orbiter (MCO) anar$/Polar
Lander (MPL) in 1999. Lying essentially dormantigartially complete in storage at the locationt®fcreation,
the Lockheed Martin Space Systems facility in kttth, Colorado, it literally rose from the ashestlof Mars
Surveyor Program when it was reborn as Phoeni®@82as part of NASA’s Mars Scout Program.

Through the years from the inception of the Mar8120ander to the landing of the spacecraft as Hko#re
design of the entry, descent and landing (EDL) isgcture, as well as the spacecratft itself, evolweresponse to
changing mission design and focused efforts to medapacecraft system robustness. What followlsisnpaper is
a chronicling of the evolution of the design andige drivers, as well as an overview of the endigscent and
landing architecture that provided the historistflanding in the northern polar region of Mars.
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II. Basic Elements of Phoenix EDL System

The basic elements of the Phoenix EDL system remadaihanged from the original Mars 2001 Lander. As
shown in Fig. 1, the spacecraft arrives at MarthePre-Entry Configuration, which consists of aise stage and
entry vehicle. The cruise stage, which providdarspower and navigation functions during the ceuis Mars, is
jettisoned prior to atmospheric entry, leaving Brary Configuration. More than 99% of the Marsatiele energy
possessed by the vehicle is removed via entry gordtion atmospheric drag during hypersonic ancersgmic
flight. At target deploy conditions, a Viking hiexge disk-gap-band (DBG) supersonic parachutepboged. This
Parachute Configuration further reduces the enefgthe EDL system, while carrying out key activitién
preparation for terminal descent. These activitietude jettison of the entry vehicle heatshigits) exposing the
lander inside the entry vehicle. Heatshield jettiss followed by lander leg deploy and radar poamr The radar
is used for both altimetry and velocimetry and ke element of the landing system. This configjarais shown
in Fig. 1 as the Post HS & Leg Deploy Configuratiodpon reaching a desired velocity/altitude sttie, lander
separates from the parachute/backshell and beging a system of 12 pulsed thrusters to performasity turn
powered descent. Touchdown and engine cutoff scatien one of three landing legs contacts the grourhe
Terminal Descent Configuration is the fifth illustion shown in Fig.

[Pre-Entry Configuration] [Entry configuration] [Parachute Configuration|

[PostHs & Leg Deploy Configuration] X [Terminal Descent Configuration]

Figure 1. Basic elements of the Phoenix entry, destt and landing system

[ll.  Mars 2001 Lander vs. Phoenix: Mission Design Diffences

The original Mars 2001 Lander mission design détefrom the Phoenix mission design in a numberegf k
ways. Orbital mechanics of the 2001 launch oppatyued to a Mars 2001 Lander inertial atmosphentry
velocity of 7.0 km/s. The Phoenix launch opportyiied to a less energetic and less stressingatherttry velocity
of 5.6 km/s. The science goals of the two missilse led to two very different landing regions.hi®& the Mars
2001 Lander was planned to target the equatoriameof Mars, the Phoenix landing site is on thehmrn plains
of Mars. This difference resulted in a significdifference in landing site elevation between the missions. The
Mars 2001 Lander was required to land at a highkestation of +2.5 km relative to the MOLA referersreoid,
more than any previous mission, while the Phoeainding site is at -4.1 km relative to the MOLA adeo A
difference of more than 6 km provided Phoenix aemmmfortable EDL timeline. Finally, because df tielative
homogeneity and benign character of the Phoenbirgnsite and to reduce EDL complexity, the usaygfersonic
guidance in the original 2001 design to reduce ddnfdotprint size was descoped for Phoenix. Talpeovides a
list of defining differences between the two missEDL architectures. In the following sectionsg fprocess and
design drivers that led to the final Phoenix desigmdescribed in more detail.
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Table 1. Comparison of 2001 Mars Lander and PhoeriEDL Architectures.

EDL Architectural Feature 2001&22;;%‘;?1 EDL ;:;ZT?II:B:
Inertial Entry Velocity 7.0 km/s 5.6 km/s
Inertial Entry Flight Path Angle -12.5° -13.0°
Hypersonic/Supersonic Flight Apollo Guidance Ballistic Trajectory
Peak Heating 79 W/ecm® 46.1 W/cm®
Peak Deceleration 10.5 Earth G's 9.3 Earth G's
Parachute Deploy Dynamic Pressure 625 Pa 490 Pa
Parachute Deploy Altitude 10.2 km 12.9 km
Time on Parachute 117s 173s
Lander Separation Height 1040 m 940 m
Length of EDL Phase 369s 440 s
Landing Site Location Equatorial Polar
Max. Landing Site Elevation (w.r.t MOLA) +2.5 km -4.1 km

IV. The Evolution of the Phoenix EDL Architecture

The following section describes the key evolutignateps in the design of the Phoenix EDL architectu
beginning with the design originating from the Phigeproposal, and concluding with the design ad¢yuédwn to
Mars. Having lineage to the lost Mars Polar Lanttee very first Phoenix EDL design drivers wereted in the
findings of the Mars Polar Lander Failure ReviewaBb and the 2001 Mars Lander Return to Flight
recommendations. These included addressing adouchindicator flight software bug that was ideetifas the
most probable cause of the MPL failure. Additibpatesign changes to the radar were also idedtifiad
incorporated into the original Phoenix EDL designd EDL UHF communication capability was also added
were other more minor changes all of which wergdlad at enhancing the robustness of the Phoenlixsg&iem.

A. Phoenix EDL Architecture at Inception

At the beginning of the Phoenix project, the EDIchatecture resembled strongly the Mars 2001 Lander
architecture, with the major changes being iner@alry velocity and landing site elevation. Hypueris
guidancewas part of the Phoenix baseline at thepiian of the project. Figure 2 shows the basdhheenix EDL
architecture as it existed in late 2004.

« Final EDL Parameter Update: E-3hr

419: « Entry T_urn Starts: E-6.5 n_win. Turn _completed by E-5min. Entry Prep
« Cruise Stage Separation: E-5min
Entry: E-Os, L-470s, 125 km*r=3522.2 km, 5.7 km/s, y = -12.5 °

/7 « Peak Heating: E+100s, L-370s, 45 km, Peak Deceleration: E+120s, L-350s, 9.5g Guided
K\ Descent

\ « Parachute Deployment: E+250s, L-220s, 13 km, Mach 1.5-1.7

« Heat Shield Jettison: E+260s, L-210s, 12 km, < 286 m/s
{ ;0 « Radar Activated: E+264s, L- 206s, 12 km Parachute

o « Leg Deployments: E+290s, L-180s, 10 km
) « Lander Separation: E+440s, L-30s, 0.74 km, 60 m/s

Landing at \ T :
y . : - erminal Descent
3510 -5.0 km 0 Throttle Up: E+443s, L-27s, 0.57 km
Elevation « Constant Velocity Achieved: E+465s, L-5s, 0.012 km, 1.6 m/s

(MOLA relative) « Touchdown: E+470s, L-0s, 0 km, 1.6 m/s

« Dust Settling: L+0 to L+15 min
*Fire Pyros for Deployments: L+5sec
<~ b

Lander Prep

« Solar Array Deploy: L+15M'

« Begin Gyro-Compassing: L+85min
* Altitude referenced to equatorial radius

Figure 2. Phoenix EDL architecture and sequence @vents as it existed in late 2004.
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B. Changes to Parachute Deploy Dynamic Pressure, Patage Diameter, and Parachute Deploy Trigger

The original Mars 2001 Lander parachute deploymeggier was a velocity trigger that used Mars reéat
velocity propagated from entry minus 10 minutesngisonboard accelerometers. When the trigger ugloci
condition was achieved, the parachute was deplopedassessment early in the Phoenix project ofdads on the
lander at parachute deployment showed low or negamiargin. Because the loads at parachute deptdyare
proportional to dynamic pressure, an effort wasentatken to reduce the dynamic pressure conditigragchute
deployment.

The first step in the dynamic pressure reductiors wasimple reduction in a target parachute deplayme
velocity. By reducing the velocity, the dynamiegsure is also reduced; however, there is a lighfactor to this
approach. Pushing back on deploy velocity redadahe desire to avoid being at or near a traicsmndition at
parachute deployment. As the entry vehicle appresithe parachute deployment velocity state,iit ipersonic
flight below Mach 2. The aerodynamic behaviorha# blunt body vehicle enters a dynamic instabil@gion as it
approaches Mach 1. This aerodynamic instabilitysea the capsule angle of attack to oscillategabaing rate.
Two considerations come into play with this growwsgillation: parachute qualification tests andistehdynamics
after parachute deploy. The Phoenix Viking hest®d8G supersonic parachute was qualified to dept@ngles of
attack at or less than 13° (from Viking flightd)etefore the parachute must be deployed priorditlaisons of this
magnitude. Equally dependant on parachute depigjeaof attack magnitude is the excitation of aniltzgion
mode dubbed the “wrist mode”. The wrist mode & dlcillation of the lander about the parachutchthent point
while hanging below the parachute. A parachutdoyepent at a large angle of attack causes the egign of a
large load on the lander in a direction not aligmé&ith the lander center of mass. This orientateads to a large
torque on the vehicle at parachute deployment amdiuges an undesirable high rate wrist mode folgwi
parachute deployment. Both parachute qualificalimits and wrist mode excitation bound the extemivhich
parachute deployment velocity can be lowered. Bubese constraints, one additional modificatiaswnade to
increase the structural margin of the lander: thmghute diameter was decreased from 13.41 m %8 If. to
further reduce the loads imparted onto the lander.

Having both lowered the target parachute deploymesibcity, thereby lowering the parachute dynamic
pressure, and reduced the parachute diameter,fart efis also undertaken to reduce the dynamicspres
dispersion at parachute deploy. Through Monte dSadnalysis, dispersion of parachute deploymentmyo
pressure can be assessed as a function of digpestiatmospheric density, accelerometer performeanoe
knowledge of entry vehicle drag. All of these disgpons and uncertainties lead to a dispersiomefparachute
deployment dynamic pressure. It was determinedutiir this analysis that a parachute trigger based o
acceleration, rather than velocity, was capabl@rotiucing a smaller dynamic pressure dispersiopasichute
deployment. Because dynamic pressure is directhpgational to acceleration, acceleration can beduss a
measurement of dynamic pressure, with uncertaiim@sporated for vehicle mass and vehicle dralis &pproach
was used successfully on the Mars Exploration Réamatings. Thus, Phoenix incorporated an accéteratigger
into its parachute deployment trigger, so thatfitha resulting parachute deployment trigger floynPhoenix was
a hybrid trigger using either acceleration or vigloas a trigger point, but tuned so that statidycthe trigger was
very likely to deploy on acceleration. This impkmation allowed the parachute deploy dynamic press
condition to be both lower and tighter in dispemsithereby reducing loads on the lander at deploymile
keeping the deployment state comfortably away ftioentransonic region.

C. Removal of Hypersonic Guidance

A modified version of the Apollo hypersonic guidargystem used by the Apollo command module durénthe
re-entry was part of the Mars 2001 Lander desigmcorporated as a technology demonstration, thes\2a01
Lander development simulations showed the podsilafiachieving a 10 km landed footprint, much derathan a
landed footprint for an unguided, ballistic entrdnder the ambitious timeline of the Mars Surveloogram, the
Mars 2001 Lander would be flown just prior to presmr missions for Mars Sample Return that woulduireq
precision landing made possible by hypersonic gquida It thus was reasonable that the 2001 Mardérashould
demonstrate hypersonic guidance for the first tnklars.

When the spacecraft was reborn as Phoenix, thetianmgof the Mars Surveyor Program had subsequéetn
discarded being replaced by a new Mars explordiimeline. The rationale for Phoenix to retain hygomic
guidance capability thus became ambiguous, andwastthe state at the beginning of the PhoenixeptojDriven
in large part by design momentum from the Mars 208dder project, the Phoenix project retained hgpeic
guidance for more than a year of its existencewdi@r, there were two main considerations that texadly led to
the capability being discarded: design complexitgl anding site characterization.
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As part of the Mars Scout Program, Phoenix wasiethmut under a limited, fixed cost budget. Intsic
situation, the development of a new, complex cdipabike hypersonic guidance was difficult to chaterize
leading to significant cost risk. While implemeita was fairly straightforward, the approach tequately test
and verify the capability was not fully understoo@ombined with concurrent landing site characégion work
showing a relatively homogeneous and benign landegjon, both the lack of need for and practicabty
hypersonic guidance led to its removal from thedPidoEDL architecture in 2005.

Having removed hypersonic guidance, the Phoenixneegng team was left with the question of whauldo
serve as an optimal and robust replacement. Bedhgsvehicle was designed for hypersonic guidaitdead
incorporated in its design a center of mass offsehis offset produced a trim angle of attack obwth3° that
generated lift, the direction of which was steet®d the guidance system to produce downtrack/cradstr
maneuvering. With the guidance system descopedenigineering team had the option to retain thécleelrim
angle and lift (similar to Viking), or rebalanceetlrehicle and change it into a purely ballisticcgeaaft. A trade
study was undertaken to assess new baseline opti@nsutcome of which was to change the hyperssumersonic
phase of the EDL architecture into a lifting trageg. This first evolutionary step is shown in F& This choice
retained the vehicle center of mass offset anddfittee resulting lift in an upward direction, andswdeemed
desirable by much of the engineering team in pachbse it resulted in the smallest design changje vé¢moving
the complexities of hypersonic guidance. It alsw hhe benefit of raising the Mach number at parach
deployment, thereby operating the system furthexyawom the transonic region and the aerodynansiability. A
significant down side of the design decision wéarge growth in landed footprint to 250 km. Thé&also be seen
in Fig. 3. The lifting architecture was retaineivthe knowledge that concern about surface lapdawards might
eventually drive the need for footprint reductiand indeed this did happen in late 2005.

2004 2005 2008
Guided Trajectory Lifting Trajectory Ballistic Trajectory
(Ballistic Reference)
-12.5 EFPA -12.5 EFPA

-13.0 EFPA
+=4 Allocation Mass ‘ roation Mass 7 Flight Mass

Ay S N AN
NN N N N\ S
N N\ N AN
N AN \ N N .
N N e AR \ .
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e N \ Goad ~ . AN
/\ \ ‘/ " o .
S N\ AN \
\‘ AN \ AN
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N
.
: Mach 1.45" Q:\

. . Mach 1. 37%\ — (99% Low)
Mach 1.18 % (99% Low) ~430Pa y A90Pa
(99% Low) Y 12.6 km N z7km| N
250 km ! T lom
Redesign Drivers Redesign Drivers
A Reaesign Drivers
-Reduced complexity -Reduced footprint
-Higher chute deploy Mach
& altitude

-Small design delta
Figure 3. Evolution of the Phoenix EDL hypersonic/spersonic phase.

Given the directive to reduce landed footprint,taeo trade study was undertaken to do a fresh sssed of
not only trajectory options, but also entry flighdth angle options. Fig. 4 illustrates the forrtiataof the trade
study. A performance trade space was establislteddimensions in entry flight path angle and tctgey type. A
follow-on implementation trade space assessedid¢ticontrol options, whether a spinning entry iehas was the
case for the Mars Exploration Rovers, or a 3-axis/ely stabilized vehicle as was the case for Mikand MPL.
The results of the trade study established a 3sdatslized ballistic entry at a slightly steepen#8.0° entry flight
path angle as the Phoenix baseline. This desigained the baseline for the remainder of the pt@ad was the
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architecture flown on landing day. It providedadequately reduced landed footprint size (apprdf.Kin), while
providing sufficient margin and risk balance. Tfigl evolutionary step is shown in Fig. 3.

Trade Spaces

STEP1  Entry Flight Path Angle SN2 ACS Mode
> -12.5° -13.0° -13.5° -14.0° > Spin 3-Axis Stabilized
£ | Lifting PERFORMANCE g | Lifing  IMPLEMENTATION
()
@ | Ballistic TRADE SPACE % Ballistic TRADE SPACE
- -

Figure 4. EDL architecture trade space that estabihed the as-flown baseline design.

D. Terminal Descent and Augmentation of Landing Radar

Once the parachute has been successfully deplthethnder must autonomously decide when to sep&@h
the parachute and begin propulsive descent. Tvesatels a critical decision with little margin farror. If
separation occurs too early in the trajectory, ldreler will run out of propellant prior to reachittge surface of
Mars. If separation occurs too late in the trajpctthe lander will not have enough time to sloowd to a safe
touchdown velocity. To further complicate mattéhg propagated entry state used to deploy thelpar@was not
accurate enough to make this separation decidimstead the lander must use another sensor - ataradar - to
provide the altitude and velocity knowledge reqaifer a successful separation and touchdown. Enfnmance
of this sensor thus becomes critical to the suaokge mission.

The landing radar used by Phoenix was originallgcted by the Mars Survey Program (MSP) for the Mar
Polar Lander (MPL) mission, and augments a commalef€il6 altimeter with a velocimeter and an arrdy o
electronically steerable antennas. The radar gesvialtitude and three-axis velocity measuremeris f
approximately 2 km to 15 meters above the surface.

The Phoenix mission identified early on the needafiiditional testing of the MSP-derived landingaiad The
performance of the radar was a prime failure mdeatified in the MPL design, and as such receiw@tsiclerable
attention by the Phoenix EDL team. A wide randiegt program was performed, using three complemetdat
venues: helicopter field tests with a flight-spaadar, bench-level Electronic Ground Support Eqeipi{(EGSE)
tests with the flight radar, and a high-fidelityngouter simulation of the integrated system. While impossible to
test the radar on Earth in the same environmentllitexperience on landing day, the combinationgtafse test
venues allowed the team to perform an unprecedemagsis of the radar performance.

The test program uncovered many problems and idtagies with the radar performance, most with
straightforward mitigations. However, in Decemloér2006, a serious problem was discovered usinghigle-
fidelity software simulation.

Under the original EDL timeline, shown in Fig. Betradar begins searching for the ground 4 sec e
separation of the heatshield. The team had lorg bevare that due to the close proximity of thedigeld at radar
power on, the radar may initially lock onto the tsb#ld yielding erroneous measurements. In respothe
Phoenix Flight Software (FSW) was modified to irdgua check on the altitude change - if the altiisdecreasing,
the radar must be locked onto the heatshield galliway from the lander instead of the ground clpsinon the
lander. However, the radar test program uncovereetven more insidious and difficult to resolveerattion.
Under certain very specific conditions, the highefity simulations showed the radar erroneouslgsifging a
return signal from the heatshield as a return $ifyjoen the ground. In response to this mis-classifon, the radar
would return an altitude that was a full 5 km lowtean the true altitude, artgcreasing instead ofncreasing - thus
fooling our heatshield lockup mitigation. An ernarthat magnitude would lead to certain missiatufa.

The first response by the team was to delay theepow of the landing radar by an additional 40tedncrease
separation between the lander and the heatshi¢ldwever, timeline changes alone could not remowe th
vulnerability - the radar firmware had to be maglifi a mere three months prior to launch. The @odedadar
firmware pushed the region of vulnerability outsafehe expected Phoenix trajectory.

E. Turn to Entry and Cruise Stage Separation

In 2006, trajectory analysis raised concerns abqubtential for cruise stage re-contact with thedplix entry
vehicle during flight through the atmosphere of BarAt the time, as shown in Fig. 2, the baselieguence of
events included a turn to entry attitude seven temprior to entry, and separation of the cruiagetive minutes
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prior to entry. With the entry vehicle and crustage attitudes both aligned with the entry trajgcat the time of
separation, the cruise stage simply follows theyerghicle into Mars’ atmosphere on the same ttajgc Only the
separation rate produced by the separation eveablishies a distance between the two vehicles dutie five
minutes between separation and atmospheric interf@nce in the atmosphere, the difference betweerehicle
ballistic coefficients (Beta) creates divergencéhiair paths.

A thorough analysis of the potential for recontaicthe vehicles included establishing a cruise estaigeak-up
timeline through aerothermal methods, and undetlsigrthe trajectory of the resulting pieces frore tireak-up.
This analysis established the potential for breplpieces with high ballistic coefficients to ovéwaand impact the
Phoenix entry vehicle. Analysis showed a catclaugh overtake miss distance as low as 6 m. Givemiticertainty
in the analysis, 6 m can be considered an impact.

An immediate solution to the issue might seem t@lrepositioning of cruise stage separation eaitidhe
Phoenix timeline allowing the vehicles more timeathieve a larger and safe separation distancetprantry into
the atmosphere. However, because the Phoenix egttigle is powered by a battery of fixed capaditgs of the
solar array charging capability on the cruise stitgr separation causes a negative battery paater lsy the time
of landing. An early separation within the powiemitation of the battery did not provide a reliastdution.

The simple design of the Phoenix landing systens assingle reaction control system (RCS) packagethe
lander and exited through the aeroshell. This Rg$em is used both during the cruise to Mars amihgl EDL.
Because the system is part of the lander systeifi itise option to turn the entry vehicle to erdttitude after cruise
stage separation existed, and indeed this is foé@ochosen by the Phoenix engineering teamor Roi the turn to
entry, the Phoenix spacecratft is in the sun pdiitude keeping its solar arrays in full sunlightthis attitude is 46°
from the entry attitude. By separating the cruitsge first before performing the turn to entry thuise stage is
given a component of velocity in the cross-trajectdirection by the separation event. The resoiita break-up
analysis for this scenario are shown in Fig. 5,clwlplots the separation distance time history betwhe cruise
stage and the entry vehicle. The closest approgeim lovertaking, high ballistic coefficient piecdetlve cruise stage
is observed to be at a distance greater than 2@&®mn the entry vehicle. This result was deemedifficgent
outcome for the Phoenix mission, and thus the eselas changed such that the cruise stage isskrsrated at
seven minutes prior to entry, followed by a turremary attitude that completes by five minutes ipraoentry.

600

Beta = 25kg/m?> f f [ 71 T
550 —=— Beta = 40kg/m>
Beta = 55kg/m?> Z / j 7{
500 —=— Beta = 70kg/m>
—— Beta = 85kg/m° / / / l
4501 —— Beta = 100kg/m?
—— Beta = 115kg/m? f / f Z
400

w
a1
o

Total Separation Distance, m

w
(=]
o

250

200 1 1 1 I 1
34 350 360 370 380 390 400

Time from Cruise Stage Sep,sec

Figure 5. Cruise stage re-contact separation distaes for separation in sun point attitude.

F. Addition of the Backshell Avoidance Maneuver

A failure of high regret on landing day would bestaccessfully execute a landing only to have thaghate
follow the lander to the ground and drape the landBectively ending the mission. The backsheiidance
maneuver (BAM) was added to the Phoenix EDL archite to avoid such a scenario.
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2004 2005
Tip-Up and Gravity Turn Tip-Up and Gravity Turn
\\ Small Magnitude Wind \\ With BAM

<+— Extra delta-v in upwind BAM angle

direction

Figure 6. Backshell avoidance maneuver.

In cases of low wind or no wind at altitudes belbvkm, the gravity turn powered descent performedhay
Phoenix lander effectively becomes a straight duertical descent. Having separated from the laatdlebout 1
km, with effectively no wind, the parachute/backksbgstem will follow the lander to the ground lang on or very
near it. This scenario is shown on the left sideFm. 6. In higher wind cases at separation frime
parachute/backshell, the combined system will havkorizontal velocity at or near the wind velocityBy
definition, the gravity turn descent will arresetlander’s horizontal velocity bringing it to zarpon landing. The
parachute/backshell, however, will retain the hmmtal velocity and move downwind away from the kandThis
situation provides an inherent mitigation of pargehdraping risk. The BAM is designed to provideibontal
separation velocity when none or too little is pded by wind. This mitigation is achieved by augtieg the
attitude tip-up maneuver that occurs three secaftds lander separation. Without the BAM, thistip is used to
align the lander’s thrust direction with the lariderelocity in preparation to execute the gravitynt However,
when the separation velocity is below a BAM thrdédhelocity, the tip-up maneuver is augmented tatobeyond
the velocity direction thereby adding horizontaloeity to the lander. This added velocity takes inder upwind
of the parachute and provides separation to prgarsichute draping of the lander. This scenargh@vn on the
right side of Fig 6.

G. Thruster Efficacy and Change in Attitude Control Deadbands
JET INTERACTIONS Ap_proximately nine months before Iaunc_:h, an isswese concerning the
NP effectiveness of the RCS thrusters when usedghtfthrough the atmosphere. These
o\ JetOFF - thrusters are used for pitch, yaw and roll attituetrol from start of EDL to
parachute deployment. The behavior of the thresteemselves was not at issue,
f rather it was the impact of the thruster plumes tba aerodynamic flowfield
Altered "\ S . . . . . .
backshell ———" surrounding the entry vehicle during hypersonic aangersonic flight that was of
pressur,f )o § concern. Figure 7 illustrates the issue. As shimwthe illustration, the RCS thruster
exits are located on the backshell of the entryickeh When the thrusters are fired
inside the atmosphere and at supersonic and hypergelocities, the thruster plume
modifies the aerodynamic flowfield around the emehicle, which alters the pressure
N - e on the surface of the backshell. For Phoenix, QGdatpnal Fluid Dynamics (CFD)
Jets can ahe,;r'essure T analysis showed that the modification of pressesellted in a resultant torque on the
backshell, resulting in different  vVehicle that was opposite in direction from theestpd torque generated from firing
control moments than intended  the RCS thruster. This situation is obviously undesirable. For tRBoenix
configuration, CFD analysis was not able to resolvgh certainty the
Figure 7. Thruster efficacy. ~ magnitude of this effect. The minimum impact oé teffect was a resulting
smaller net torque generated by firing a thrustantdesired. However, for the
yaw axis in particular for Phoenix, CFD analysisiidonot rule out the possibility of a resulting netque in the
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opposite direction from the desired torque. Titisasion could result in torque reversal, whictexperienced for a
prolonged period of time, could cause the attitodetrol system to drive the entry vehicle to uncdse attitude
oscillations.

Faced with the limitations of the analysis techesjto clearly show the expected net torque onritrg gehicle
resulting from the use of the RCS system whiléhm dtmosphere, the Phoenix engineering team catldame to
a crisp technical solution. However, trajectorglgsis did show that, with tighter control at tlep ©Of the trajectory
prior to the regime of concern, the Phoenix engijigle did possess sufficient inherent aerodynastability to
traverse the flight through the atmosphere and meeptired conditions at parachute deployment withuse of the
RCS system, and without passively spinning asitBdMER and Pathfinder entry vehicles. The strategyise of
the RCS system then became that of a safety rteg.cdntrol deadbands on the attitude controlleewgdened so
that only in extreme situations, when the entryiclehattitude behavior approaches limits of spaattaapability,
would the RCS system be used to dampen attitudevimeh Table 2 shows the attitude and attitude detadbands
both for the initial Phoenix design and for theflasm values developed after the thruster efficessue led to a
change.

Table 2. Comparison of Initial Attitude Deadband Design vs. As-Flown Deadband Design.

Attitude (deg) Attitude Rate (deg/s)

Initial Design As Flown Initial Design As Flown
EDL Sub-Phase _ < N _ _ N [
g § f£|& & £ |8F £g fE|gg £& f¢
Post CSS  (Start at E-5min) 1.7 50 50|10 20 1.0]003 10 110|005 02 0.05
Hypersonic 1 (Start at E-1min) 1.7 50 50|10 20 10]003 10 110|005 02 0.05
Hypersonic 2 (Start at 0.294 m/s2) 1.7 20 20| inf 150 150]0.03 1.0 1.0]20.0 20.0 20.0
Hypersonic 3 (5.3 km/s - 3.8 km/s) 1.7 10.0 10.0| inf 15.0 15.0]0.03 50.0 50.0|20.0 20.0 20.0
Hypersonic 4 (3.8 km/s - 1.0 km/s) 1.7 10.0 10.0| inf 15.0 15.0]0.03 50.0 50.0|20.0 20.0 20.0
Hypersonic 5 (1.0 km/s - 0.62 km/s) 1.7 50 50| inf 150 150]0.03 05 3.0]20.0 20.0 20.0
Pre-Chute  (Start at 0.62 m/s) 1.7 50 50| inf 150 150]0.03 0.5 3.0]20.0 20.0 20.0

V. As Flown Architecture

The preceding sections provided an overview ofsiaificant changes made to the Phoenix EDL archite.
Figure 8 outlines the resulting as-flown architeetuComparison of Fig. 8 with Fig. 2 illustratée tmodifications
that were required from the Mars 2001 Lander to fthal flight day process. On May 25, 2008 thislistt,
balanced architecture provided a very successfuleped landing on the northern plains of Mars. Rafee 3
provides an overview of the reconstruction analpsidormed for the actual Phoenix entry, descemt,landing.

4

« Final EDL Parameter Update: E-3 hr; Entry State Initialization: E-10 min

» Cruise Stage Separation: E-7 min
9 , , Entry Prep Phase
+ Entry Turn Starts: E-6.5 min, Turn completed by E-5 min

» Entry: E-O s, L-440 s, 125 km*, r = 3522.2 km, 5.6 km/s, y =-13.0 deg

fi/ + Peak Heating: 46 W/cm? Peak Deceleration: 9.2 Earth G Hypersonic Phase

e
<
N\

+ Parachute Deployment: E+221 s, L-219 5,12.9 km, Mach 1.65

* Heatshield Jettison: E+236 s, L-203 5,11.3 km, 115 m/s

+ Leg Deployments: E+246 s, L-191 s Parachute Phase

» Lander Separation: E+398 s, L-42 s, 0.94 km, 56 m/s

. - Gravity Turn Start: E+401s,L-39s,076 km  Terminal Descent
Landing at —_—
-4.1 km elevation — « Constant Velocity Start: E+422 s, L-18 5, 0.051 km, 8 m/s, Phase
(MOLA relative) e P S | o
6 ¥ - Touchdown: E+440 s, L-0 s, 0 km, Vv=2.0 m/s, Vh=0.7 m/s
1 . L |_ * Dust Settling: L+0 to L+15 min |
— >

LU | i
= W . 1
» Begin Gyro-Compassing: L+5 min

* Entry altitude referenced to equatorial radius.

All other altitudes referenced to ground level « Solar Array Deploy: L+16 min

Figure 8. Final as-flown Phoenix EDL architecture.
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VI. Conclusion

Over the course of five years from the selectioRlobenix to landing day in 2008, the Phoenix EDth#ecture
went through a variety of changes. From simplengka driven by mission design differences to acta@n in
response to technical difficulties or robustnesgnaentation, major architectural changes were mabhligssion
design differences drove the entry velocity andlilag site elevation, both of which proved less sireg to the
EDL system than the original Mars 2001 Lander roisslesign. A desire for added robustness and isicayion
drove changes to both the parachute design angatechute deployment algorithm, as well as the vamof
hypersonic guidance and the addition of the badkstveidance maneuver. The technical discoverthef RCS
thruster efficacy issue led to a change in attitcmi@rol strategy. All these changes led to a sbBIDL architecture
that resulted in a successful landing on the nantpkiins of Mars.
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